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1 3. Abstracts  :  The  present  final  report  concerigiSisroJymQnvWPUiSyrafcen  at  LABM  to  determine  the  boundary  layer 
velocity  distribution  in  the  inboard  region  of  a  tiltrotor  blade.  The  instrumentation  consists  in  a  Laser  Doppler  Velocimeter 
embedded  in  the  inboard  region  of  the  blade.  This  unique  set  up  allows  measuring  the  chordwise  and  spanwise  component  of 
the  boundary  layer  velocity  from  a  distance  of  0.3mm  to  20mm  along  a  direction  normal  to  the  blade  surface. 

The  experiments  were  carried  out  on  a  two  bladed  rotor  with  a  blade  geometry  close  to  the  one  of  CAMRAD  11 
model  of  TRAM.  The  blade  section  located  at  r/R=0.3  was  explored  in  three  abscissa  x/C=0.10;  0.33;  0.54,  and  for  3  pitch 
angles,  two  of  them  at  values  lower  than  the  static  stall  angle  of  incidence,  the  third  at  a  higher  value.  During  the  tests  the  tip 
Mach  number  was  maintained  constant  at  M^p=0.22. 

Results  obtained  on  the  velocity  components  have  allowed  characterizing  the  different  aspects  of  the  BL. 

-At  low  incidences,  chordwise  velocity  profiles  exhibit  a  turbulent  behavior  (power  law  in  1/n)  for  x/C=0.33  and 
0.54.  At  the  chord  station  x/C=0.10,  the  BL  is  very  thin  with  a  laminar  velocity  profile. 

-At  the  incidence  higher  than  the  static  stall  one,  it  is  worthy  to  note  that  the  chordwise  velocity  profile  at  x/C=0.3 
show  an  attached  turbulent  BL,  while  at  x/C=0.54  the  velocity  profile  begins  to  deviate  from  a  turbulent  shape  to  a  separated 
one  which  produces  the  thickening  of  the  BL  and  an  evolution  of  the  profile  to  a  velocity  distribution  with  an  inflexion  point. 
This  result  confirms  the  delay  of  the  BL  separation  due  to  rotation,  already  observed.  At  the  leading  edge  (x/C=0.1),  and  for 
the  present  low  rotational  speed  £2,  the  velocity  distribution  in  the  BL  seems  to  point  out  a  transitional  zone  (3<ti<15)  inside 
of  which  the  random  of  the  velocity  intensity  attests  of  a  high  vorticity  that  may  be  due  to  a  leading  edge  vortex  or  a  bubble 
formation  sustaining  during  the  rotation  the  reattachment  of  the  BL  like  observed  at  x/C=0.33. 

The  spanwise  component  is  useful  to  precise  if  the  flow  passing  over  the  blade  section  is  centripetal  or  centrifugal, 
but  the  characterization  of  the  BL  behavior  remains  difficult  to  determine  from  theVp  shape,  except  for  transition  and 
separation. 

The  present  results  have  shown  that  the  ELDV  is  quite  able  to  measure  velocity  profiles  in  the  BL  of  a  rotating 
blade  and  to  qualify  its  nature.  Complemented  by  results  obtained  in  the  future  at  higher  tip  Mach  number,  they  will 
constitute  a  useful  database  for  future  computational  unsteady  boundary  layer  and  CFD  methods  applied  to  tiltrotor  blade 
aerodynamics. 
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SUMMARY 


Basic  knowledge  and  numerical  investigation  of  rotary  wings  aerodynamics  request  more  and  more 
aceurate  and  suited  experimental  data.  Particularly,  phenomena  occurring  in  the  flow  region  very 
close  to  the  blades,  like  transition,  separation,  and  dynamic  stall  are  highly  dependent  on  the  local 
boundary  layer  (BL).  Improvement  of  recent  computational  works  particularly  concerned  with  tilt 
rotor  blades  needs  to  be  strengthened  by  experimental  data  on  local  phenomena.  In  the  inboard 
sections  of  a  tiltrotor  blade  a  stall  delay  is  observed  related  to  the  delay  of  the  boundary  layer 
separation  certainly  due  to  rotational  effect.  Doubtlessly,  experimental  data  on  boundary  layer 
velocity  profiles  are  of  evident  interest  for  the  phenomenological  knowledge  as  well  as  for 
computational  approach. 

The  present  final  report  concerns  the  original  work  undertaken  at  LABM  to  determine  the  boundary 
layer  velocity  distribution  in  the  inboard  region  of  a  tiltrotor  blade.  The  instrumentation  consists  in  a 
Laser  Doppler  Velocimeter  embedded  in  the  inboard  region  of  the  blade.  This  unique  set  up  allows 
measuring  the  chordwise  and  spanwise  component  of  the  boundary  layer  velocity  from  a  distance  of 
0.3mm  to  20mm  along  a  direction  normal  to  the  blade  surface. 

The  experiments  were  carried  out  on  a  two  bladed  rotor  with  a  blade  geometry  close  to  the  one  of 
CAMRAD  II  model  of  TRAM.  The  blade  section  located  at  r/R=0.3  was  explored  in  three  abscissa 
x/C=0.10;  0.33;  0.54,  and  for  3  pitch  angles,  two  of  them  at  values  lower  than  the  static  stall  angle 
of  incidence,  the  third  at  a  higher  value.  During  the  tests  the  tip  Mach  number  was  maintained 
constant  at  Map=0.22. 

Results  obtained  on  the  velocity  components  have  allowed  characterizing  the  different  aspects  of 
the  BL. 

-At  low  incidenees,  chordwise  velocity  profiles  exhibit  a  turbulent  behavior  (power  law  in 
1/n)  for  x/C=0.33  and  0.54.  At  the  chord  station  x/C=0.10,  the  BL  is  very  thin  with  a 
laminar  veloeity  profile. 

-At  the  incidence  higher  than  the  static  stall  one,  it  is  worthy  to  note  that  the  ehordwise  velocity 
profile  at  x/C=0.3  shows  an  attached  turbulent  BL,  while  at  x/C=0.54  the  velocity  profile  begins  to 
deviate  from  a  turbulent  shape  to  a  separated  one  which  produces  the  thickening  of  the  BL  and  an 
evolution  of  the  profile  to  a  velocity  distribution  with  an  inflexion  point.  This  result  confirms  the 
delay  of  the  BL  separation  due  to  rotation,  already  observed.  At  the  leading  edge  (x/C=0.1),  and  for 
the  present  low  rotational  speed  Q,  the  velocity  distribution  in  the  BL  seems  to  point  out  a 
transitional  zone  (3<r|<15)  inside  of  which  the  random  of  the  velocity  intensity  attests  of  a  high 
vorticity  that  may  be  due  to  a  leading  edge  vortex  or  a  bubble  formation  sustaining  during  the 
rotation  the  reattachment  of  the  BL  like  observed  at  x/C=0.33. 

The  spanwise  component  is  useful  to  precise  if  the  flow  passing  over  the  blade  section  is  centripetal 
or  centrifugal,  but  the  characterization  of  the  BL  behavior  remains  diffieult  to  determine  from  theV^ 
shape,  except  for  transition  and  separation. 

The  present  results  have  shown  that  the  ELDV  is  quite  able  to  measure  veloeity  profiles  in  the  BL 
of  a  rotating  blade  and  to  qualify  its  nature.  Complemented  by  results  obtained  in  the  future  at 
higher  tip  Mach  number,  they  will  constitute  a  useful  database  for  future  computational  unsteady 
boundary  layer  and  CFD  methods  applied  to  tiltrotor  blade  aerodynamics. 

T.isf  of  Keywords:  Tiltrotor  blade,  Dynamic  stall.  Boundary  layer  separation.  Embedded  Laser  Doppler  Velocimeter. 
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INTRODUCTION 


Many  aeronautics  people  have  been  fascinated  during  the  past  decades  by  the  combination  of 
vertical  take  off  and  landing  with  airplane  flight  offered  by  the  tiltrotor  aircraft  configuration. 
Although  Boeing  has  manufactured  the  V-22,  an  effort  for  improving  the  efficiency  and  the 
security  of  this  new  type  of  aircraft  remains  to  be  sustained.  Analytical  tools,  as  those  developed 
by  the  Army/NASA  rotorcraft  Division  at  NAS  A- Ames,  are  devoted  to  calculate  tiltrotor 
aeromechanical  behavior  (see  ref.l).  The  validation  of  these  calculations  need  more  and  more 
measured  tiltrotor  data,  and  comparison  of  measured  and  calculated  aerodynamic  characteristics 
have  shown  the  lack  of  experimental  informations  on  local  phenomena  as  the  stall  delay 
observed  in  the  inboard  sections  of  tiltrotor  blades.  The  delay  of  the  boundary  layer  separation  in 
these  sections  is  certainly  due  to  rotational  effect^^  and  experimental  data  on  boundary  layer 
velocity  profiles  should  be  of  evident  interest. 

LABM  has  developed  for  many  years  researches  oriented  towards  the  dynamic  stall  phenomenon 
simulated  on  oscillating  airfoils  (mainly  in  fore  and  aft  motion  at  the  beginning'*,  pitching  and 
combined  pitching  and  fore  and  aft  later^),  and  towards  the  flow  structure  around  helicopter  rotor 
blades  in  hover  and  forward  flight.  These  studies  have  allowed  the  improvement  of  original 
embedded  LDV  techniques  for  detailed  and  accurate  measurements  of  the  flow  very  close  to 
moving  walls  and  in  their  wakes®’’*. 

Concerning  oscillating  airfoils  (NACA0012,  0.3m  in  chord),  the  velocity  components  have  been 
measured*  in  2D  and  3D  configurations  by  means  of  a  LDV  embedded  in  the  oscillating  frame, 
in  such  a  way  that  the  velocities  are  directly  measured  in  a  reference  frame  in  relative  motion. 
Concerning  hovering  helicopter  rotor  blades®’’,  BL  measurements  have  been  performed  in  a 
frame  linked  to  the  rotating  blade  for  one  radial  distance  from  the  rotation  axis  and  at  a  chord 
abscissa  x/c  =  0.25.  It  has  concerned  the  tangential  velocity  component  (chordwise)  and  the 
crossflow  component  (spanwise).  The  boundary  layer  was  explored  at  different  rotating  speeds 
of  the  blade.  The  accuracy  of  velocity  components  measurements  has  been  evaluated  in  the 
region  very  close  to  the  wall  and  far  from  the  wall,  showing  that  this  new  technique  is  well  suited 
to  unsteady  measurement  in  the  BL.  Nevertheless,  the  instrumented  blade  was  as  geometrically 
simple  as  possible  (untwisted)  and  of  rectangular  planform. 

The  purpose  of  the  present  research  is  to  extend  experiments  based  on  the  technique  of  the  LDV 
embedded  in  the  rotating  geometrically  simple  blade  to  a  more  sophisticated  blade  with  non 
hnear  twist  and  with  chord  thickness  and  profile  spanwise  distributions  as  close  as  possible  to  the 
blade  tiltrotor  characteristics.  The  geometry  of  the  new  blade  is  similar  to  the  one  of  CAMRAD 
II  model  of  TRAM'.  The  linear  part  of  the  twist  in  the  inboard  sections  of  the  blade  allows 
including  an  optical  head  and  a  45  deg  mirror  located  at  the  r/R  station  where  converging  laser 
beams  emerge  to  focus  at  the  measurement  volume.  The  tangential  and  crossflow  velocity 
components  have  then  been  measured  in  the  boundary  layer  of  the  inboard  section  r/R=0.3,  from 
0.3mm  to  20mm  (corresponding  to  1<ti<80)  along  the  normal  direction,  at  several  chordwise 
stations  x/c=0.1;  0.33;  0.54. 

The  report  presents  successively  the  tilt  rotor  blade  geometry  adopted  with  the  rotor  hub  used, 
and  the  experimental  parameters.  A  detailed  description  of  the  LDV  velocimeter  and  its 
embedment  is  given  before  showing  how  the  velocity  components  (chordwise  V,  and  spanwise 
VJ  are  deduced  from  the  measurements  of  the  2  components  measured  at  +42deg  and  -37deg 
around  the  tangent  to  the  blade  section  in  the  spanwise  direction  (as  defined  below). 

The  velocity  results  obtained  at  3  pitch  angles  of  the  tested  section  (2  below  the  static  stall  angle 
6=10.22deg  and  15.38deg,  the  other  above:  6=24.75deg)  are  then  analyzed  with  respect  to  the 
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behavior  of  the  boundary  layer,  in  particular  at  high  pitch  angle  where  stall  delay  due  to 
rotational  effect  should  be  observed. 


SYMBOLS 

Speed  of  sound  m/s 
Airfoil  chord,  m 
Rotational  frequency,  Hz 
Rotational  frequency  in  rpm 
Tip  blade  Mach  number:  Mtip=QR/a 
Rotor  radius,  m 
Reynolds  number,  Rer=QrC/v 
Tangential  velocity,  m/sec 

Crossflow  velocity,  m/sec,  “+”centripetal,  “-“centrifugal 
External  velocity  at  section  r/R=0.3 
Curvilinear  abscissa,  m 
Time,  sec 

Normal  distance  to  the  surface  of  the  blade  section,  mm 
Angle  of  attack  of  the  blade  section,  deg 
Reduced  normal  distance  to  the  surface  =z(Ve/vx)*'^ 
Pitch  angle  of  the  blade  section 
Rotational  frequency,  rad/sec 


EXPERIMENTAL  INVESTIGATION 

The  rotor  blade  geometry  and  the  model  scale  of  rotor 
The  geometry  of  the  blade  is  similar  to  the  one  of  CAMRAD II  of  TRAM’.  In  order  to  have  the 
same  solidity  a=0.1  for  a  2  bladed  rotor,  the  following  geometry  of  the  blade  has  been  adopted: 


Rotor  radius:  R=1.5m 


Blade  length:  1=1. 26m 


Solidity:  a=0.1 

Number  of  blades:  2 


Twist  and  chord  distributions  of  the  blade  are  respectively  given  in  Table  1  and  2  and  Figl  and  2. 
In  Figl  the  twist  law  distribution  is  presented  with  the  conventional  twist=0  at  r/R=0.75 
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TABLE  1 


Spanwise  section  in 
%ofR 

Pitch  angle  in  deg 

15 

0.000 

20 

-1.820 

25 

-3.610 

30 

-5.380 

35 

-7.140 

40 

-8.865 

45 

-10.500 

50 

-12.060 

55 

-13.550 

60 

-14.945 

65 

-16.280 

70 

-17.550 

75 

-18.750 

80 

-19.902 

85 

-20.990 

90 

-22.030 

95 

-23.020 

100 

-24.000 

TABLE2 

Spanwise  section  in 
%ofR 

Chord  C/R 

15 

0.227 

20 

0.223 

25 

0.218 

30 

0.213 

35 

0.209 

40 

0.204 

45 

0.200 

50 

0.196 

55 

0.192 

60 

0.187 

65 

0.183 

70 

0.179 

75 

0.175 

80 

0.171 

85 

0.163 

90 

0.155 

95 

0.146 

100 

0.140 

Three  different  airfoils  of  NACA  series  have  been  distributed  from  the  hub  to  the  tip  (NACA 
64528, 64118,  and  64152)  as  sketched  at  the  top  of  Fig3. 


ROTOR  GEOMETRY 
0=0.1;  nniax=1300rpm 


The  model  scale  of  rotor  is  set  up  on  the  hovering  test  rig  of  LABM,  located  in  the  servicing  hall 
(28xl6m^,  15m  height)  of  the  SIL  wind-tunnel.  The  rotor  hub  is  mounted  vertically  by  means  of 
a  supporting  mast  with  a  center  of  rotation  located  at  2.9m  above  the  ground.  The  model-rotor 
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consists  of  a  fully  articulated  hub  that  can  be  equipped  with  interchangeable  set  of  blades.  The 
picture  in  Fig.4  shows  the  model  rotor  mounted  in  the  hall  of  the  SIL  wind-tunnel.  The  rotor  is 
operated  in  hover  with  an  induced  flow  blowing  from  the  bottom  to  the  top  in  order  to  minimize 


Fig  4.  View  of  the  rotor  in  the  hall  of  SIL 


Experimental  apparatus:  the  Embedded  LDV 

The  main  components  of  the  Laser  Doppler  Velocimeter  are  embedded  in  the  rotating  blade  by 
use  of  a  compact  probe  shown  in  Fig.5  and  occupying  about  0.22m  in  the  span  direetion.  The 
probe  can  be  set  in  3  different  positions  in  chord  noted  1,2,3  in  the  scheme  of  the  bottom  of 
Fig.3. 
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Fig.5  Embedded  Laser  probe  set-up 

Two  parallel  beams  from  the  optical  fibers  arrive  through  the  probe  to  the  lens  (5),  converge  to 
the  mirror  (6)  and  focalize  through  the  optical  window  (mounted  flush  to  the  blade  surface)  in 
the  measurement  volume  (see  also  Fig.3).  This  one  can  be  displaced  normally  to  the  optical 
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window  by  means  of  the  translation  screw,  which  changes  the  relative  position  of  the  lens  with 
the  mirror.  The  more  the  lens  is  far  from  the  mirror,  the  more  the  measurement  volume  is  close 
to  the  blade  surface. 

The  laser  beams  issued  from  the  laser  source  are  conduced  to  the  blade  through  fixed  optical 
fiber  cables  transmitting  light  by  a  transmitter  to  rotating  optical  fiber  cables  connected  to  the 
rotating  blade  by  the  guiding  tube,  the  secondary  gear  box  and  the  main  gear  box,  as  shown  in 
the  scheme  of  Fig.6.  When  particles  seeding  the  flow  pass  through  the  measurement  volume,  the 
backscattered  signals  are  collected  through  the  rotating  fiber  optic  cables  to  the  fixed 
components  of  the  velocimeter  (photomultipliers,  burst  spectrum  analyzer,  computer,  etc,). 


Transmitter 


Guiding  tube  Secondary  Gear  box 

•/  tv/ 


/  rn  /  Main  Gear  box 


1 

i 

Teaser  source. 

_ D—, 

Mearurement  volume 


Fig.6.  Schematics  of  the  Embedded  Laser  Doppler  Velocimetry  method. 


The  picture  in  Fig.7  shows  the  laser  beams  focused  in  the  measurement  volume  very  close  to  the 
blade  surface.  The  seeding  of  the  flow  is  realized  by  oil  smoke  providing  particles  of  about  l|a.m 
in  diameter. 
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Fig  7.  View  of  the  blade  and  measurement  volume 


Measurement  of  velocity  components  V,  and  V, 

-The  measurement  volume:  The  following  table  gives  the  main  characteristics  of  the  velocimeter 
components  with  the  dimensions  of  the  measurement  volume.  The  dz  value  allows  a 
measurement  at  the  wall  as  close  as  0.3mm  and  the  focal  lens  an  exploration  along  the  normal  to 
the  wall  of  20  mm. 


Specification 

Un 

Velocity  component 

ID*:  tangential  Vt  or  spanwise  Vr 

m/s 

Focal  lens 

50 

mn 

Laser  source  wave  length 

514,5 

nm 

Measurement  volume 

dx=0.041 

mn 

dz=0.510 

mn 

Fringe  spacing 

0.0032 

mn 

number  of  fringes 

13 

Axial  working  length 

46 

mn 

-The  seeding:  A  smoke  generator  is  located  on  the  floor  of  the  hall  under  the  rotor.  The  particles 
generated  by  a  hot  mixture  of  oil,  manufactured  by  “Smoggy  Fluid”,  have  an  average  diameter  of 
about  lp,m 

-The  measured  components  U42  and  U37  and  the  reconstruction  of  Vjand  V^:  At  each  x/c  the 
probe  can  be  positioned  in  the  same  spanning  hole  in  2  different  positions  obtained  by  rotating 
the  probe  around  its  axis.  By  construction,  in  the  first  position  the  angle  between  the  velocity 
component  measured  U42  and  the  chord  direction  is  42deg  as  the  second  position  the  angle  with 
the  chord  direction  is  37deg  (see  Fig.8). 
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Fig  8.  Principle  of  velocity  measurements  V,  and  V, 

With  the  adoptedsign  convention  the  crossflow  and  chordwise  components  are  given  by  the 
following  equations: 


Vt  =  U42*cos(42deg)  -  U37cos(37deg) 

Equations  (1) 

Vr  =  -U42*sin(42deg)  -  U37sin(37deg) 

-Data  acquisition:  Backscattered  signals  from  the  measurement  volume  are  analyzed  through 
BSA  during  a  running  time  comprised  between  3  seconds  and  3minutes,  depending  on  the  BL 
region  explored.  This  time  is  used  to  acquire  4000  samples  of  the  velocity  components  U42  or 
U37.  The  data  are  recorded  as  presented  in  Fig.9  over  a  single  period,  and  statistically  treated 
(rms  value,  histogram,  mean  value,...).  It  can  be  seen  that  the  seeding  density  is  uniform  along 
the  period.  The  Fig  10  presents  an  example  of  histogram  obtained  with  the  U42  component. 

60 
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Fig  9.  Example  of  U42  data  acquisition  presented  over  a  single  period  (4000  data).  0=lO.2deg  and 

x/c=0.54 
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Fig.  10.  Example  of  histogram  obtained  with  the  U42  component. 

The  figure  1 1  presents  an  example  of  the  variation  with  z  of  the  U42  and  U37  velocity  components 
obtained  as  described  above.  Components  Vj  and  V,  are  then  obtained  from  equations  (1) 


Fig  11.  Evolution  of  the  velocity  component  measured  at  0=15.38  deg  and  x/c=0.33 

-Experimental  uncertainty;  the  uncertainty  of  the  ELDV  used  in  a  rotating  blade  has  been 
evaluated  in  detail  in  Ref.9.  It  has  been  shown  that  the  maximum  measurement  error  on  Vt  is  less 
than  2.6%  and  less  than  6%  concerning  V,. 
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RESULTS  AND  DISCUSSION 


Test  conditions 

The  first  experiments  were  conducted  at  a  relatively  low  speed  rotation  (480rpm).  These  “gentle” 
conditions  have  allowed  to  adjust  with  a  high  quality  the  embedded  velocimeter  method  that 
required  a  long  running  time.  Table  3  presents  the  test  conditions  and  the  corresponding  data 
acquired: 


Table  3-Test  conditions  and  data  acquired  ;  r/R=0.3;  n=580rpm;  Mrin=0.22 

ME  Tl  S 

10.22deg 

15.38deg 

24.75deg 

Chord  station  x/C 

0.1;  0.33;  0.54 

0.1;  0.33;  0.54 

0.1;  0.33;  0.54 

Data  acquired 

V  V 

V  V 

V.;V, 

Z  explored  in  mm 

0.3-19 

0.3-19 

0.3-19 

The  results  analysis  and  particularly  the  aerodynamic  behavior  around  the  section  airfoil 
enlightened  by  the  BL  velocity  profiles  require  the  knowledge  of  the  angle  of  attack  of  the  section 
airfoil  obtained  from  the  pitch  angle  and  the  induced  incidence  ttj  that  can  be  deduced  from  the 
direct  measurement  of  the  induced  velocity,  or  approximated  from  the  Froude  formula  via  the 
thrust  coefficient  Cr-  Unfortunately,  in  the  present  study  it  was  not  preceded  to  forces  nor  induced 
velocity  measurements  through  the  rotor.  Nevertheless,  it  is  shown  in  Ref  1  that  the  TRAM 
calculated  hover  performance  concerns  values  of  C/a  varying  from  0.06  to  0.14.  Using  the 
Froude  formula,  it  can  be  deduced  that:3deg<ai<6deg.  The  angles  of  attack  can  be  approximated 
to  7deg  and  15deg,  at  low  pitch  angle  0=lO.22deg;  15.38deg,  and  to  19deg  at  high  pitch 
0=24.75deg. 

Experimental  results  on  V^and  V,  have  been  gathered  in  Fig.  12  andl3.  The  couple  (Vj  V,)  versus 
the  distance  to  the  wall  z  is  displayed  in  Fig.  12  for  the  three  pitch  angles  0,  and  for  the  three  chord 
stations  x/C  (respectively  display  A,B,C).  Fig.  13  presents  the  same  data  than  Fig.  12,  where  for 
each  0  (A,B,C),  the  display  concerns  x/C. 

It  can  be  seen  from  the  analysis  of  Fig.  12  that  the  chordwise  component  V,  increases  with  the 
incidence  in  the  potential  flow  at  each  chord  station  (see  A,  B,  C).  This  result,  expected  in  the  case 
of  an  unstall  airfoil,  becomes  unexpected  at  0=24.75,  where  the  angle  of  attack  has  been  estimated 
at  19deg,  incidence  at  which  the  BL  should  be  separated.  When  examining  the  velocity  profile  in 
the  BL  at  x/C=0.3  (B),  it  can  be  said  that  the  BL  is  attached  and  the  shape  of  the  profile  is  a 
turbulent  one.  At  x/c=0.54  (C),  the  profile  in  the  BL  has  thickened  with  an  evolution  in  z  to  an 
inflexion  point,  characteristic  of  a  separation  tendency.  It  seems  that  the  BL  has  reattached  at  this 
high  incidence  by  a  leading  edge  process.  Effectively,  the  acquisition  of  data  relative  to  x/C=0.1 
have  shown  a  particular  behavior.  The  histogram  relative  to  this  high  angle  of  attack  conditions  is 
given  in  Fig.  14;  the  double  pick  seems  to  reveal  a  flow  of  particular  vorticity  or  turbulence.  The 
components  U42  and  U37  presented  in  Fig  15  exhibit  a  high  degree  of  random  in  the  potential 
flow,  confirming  the  presence  of  a  “transition”  steady  during  the  rotation  due  to  a  vortical  zone  or 
a  bubble  sustaining  the  flow  attached  at  high  incidence. 
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Zin  mm 
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Histogram  :  altitude  =19  mm 
x/c  =  0,10 
local  picth  =  24,75° 
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Fig.  14  Example  of  histogram  obtained  on  U42 


r/R=0.3 
x/r  =  0,10 


Fig.  15  Evolution  of  the  U42  and  U37  components  at  0=24.75 


Concerning  the  behavior  of  the  boundary  layer  at  light  incidence,  the  BL  profiles  at  the  leading 
edge  are  characteristic  of  a  laminar  flow,  while  at  x/c=0.33and  0.54,  they  affect  a  turbulent  shape 
As  an  example,  results  obtained  at  6=10.33deg  and  x/C=0.54,  presented  in  Fig.  16,  are  compared 
with  success  to  a  turbulent  variation  in  1/n  with  n=5. 
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Fig.l6  Comparison  of  (Vt/Ue)exp  with  (y/d)\u(l/5)\n  for  0=lO.33deg  at  x/c=0.54 


The  crossflow  component  remains  difficult  to  analyze  inside  the  BL  because  of  the  uncertainty  of 
measurements  on  these  quantities  very  close  to  the  wall.  Nevertheless,  a  better  precision  on  Vr  in 
the  potential  flow  allows  to  obtain  information  on  the  direction  of  the  flow  at  different  station  of 
the  airfoil  section.  The  following  table  4  gives  the  centrifugal  or  centripetal  tendency  of  the  flow 
over  the  blade  section,  with  on  the  right  part  the  flow  directions  at  different  0,  schematized  by 
arrows. 


Table  4  Evolution  of  the  centrifugal  forces  as  a  function  of  0  and  x/C 


10.22 

15.38 

24.75 

0.1 

Centrifugal 
-3  m/s 

Centrifugal 

-Im/s 

Centripetal 

2m/s 

1 

1  6=15.38 

- -f - 

0.33 

0 

Centripetal 

Im/sl 

Centrifugal 

-Im/s 

0.54 

Centripetal 

2m/s 

Centripetal 

3.5m/s 

Centrifugal 

-Im/s 

1 _ 

^  0=24.75 
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CONCLUSIONS 


The  boundary  layer  over  the  upper  side  blade  surface  of  a  tilt  rotor  has  been  explored  by 
means  of  velocity  measurements  performed  by  an  Embedded  Laser  Doppler  Velocimeter 
(ELDV).  The  two  bladed  rotor  has  a  geometry  close  to  the  one  of  CAMRAD II  model  of  TRAM. 
Chordwise  and  spanwise  components  have  been  measured  at  the  blade  section  r/R=0.3,  for  a 
constant  tip  Mach  number  Mtip=0.22,  at  three  chord  stations  x/C=0.10;  0.33;  0.54, and  for  three 
pitch  angles  of  the  blade  station  0=10.22;  15.38;  24.75. 

The  analysis  of  the  velocity  components  measured  along  the  normal  to  the  section  airfoil  in 
the  BL  and  part  of  the  potential  flow,  from  0.3mm  to  20mm  (1<ti<80),  has  pointed  out  the 
following  conclusions: 

-At  low  incidences,  chordwise  velocity  profiles  exhibit  a  turbulent  behavior  (power  law  in  1/n)  for 
x/C=0.33  and  0.54.  At  the  chord  station  x/C=0.10,  the  BL  is  very  thin  with  a  laminar  velocity 
profile. 

-At  the  incidence  higher  than  the  static  stall  one,  it  is  worthy  to  note  that  the  chordwise  velocity 
profile  at  x/C=0.3  shows  an  attached  turbulent  BL,  while  at  x/C=0.54  the  velocity  profile  begins  to 
deviate  from  a  turbulent  shape  to  a  separated  one  which  produces  the  thickening  of  the  BL  and  an 
evolution  of  the  profile  to  a  velocity  distribution  with  an  inflexion  point.  This  result  confirms  the 
delay  of  the  BL  separation  due  to  rotation,  already  observed.  At  the  leading  edge  (x/C=0.1),  and  for 
the  present  low  rotational  speed  Q,  the  velocity  distribution  in  the  BL  seems  to  point  out  a 
transitional  zone  (3<ti<15)  inside  of  which  the  random  of  the  velocity  intensity  attests  of  a  high 
vorticity  that  may  be  due  to  a  leading  edge  vortex  or  a  bubble  formation  sustaining  during  the 
rotation  the  reattachment  of  the  BL  like  observed  at  x/C=0.33. 

-The  spanwise  component  is  useful  to  precise  if  the  flow  passing  over  the  blade  section  is 
centripetal  or  centrifugal,  but  the  characterization  of  the  BL  behavior  remains  difficult  to  determine 
from  the  shape,  except  for  transition  and  separation. 

The  present  results  have  shown  that  the  ELDV  is  quite  able  to  measure  velocity  profiles  in  the  BL 
of  a  rotating  blade  and  to  qualify  its  nature.  Complemented  by  results  obtained  in  the  future  at 
higher  tip  Mach  number,  they  will  constitute  a  useful  database  for  future  computational  unsteady 
boundary  layer  and  CFD  methods  applied  to  tiltrotor  blade  aerodynamics. 
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